ABSTRACT. In the paper the rheological properties of cr ude oil of White T iger oil-field (Vietnam) and its emulsion with sea-water, including measurement results and analytical approximation formulae for wide range of pressure, temperature and water concentration, are presented. As it is known, the crude oil of White Tiger oil-field is a high-paraffin and high-viscous oil. At the low temperature (T ~ 40°C) it behaves as non-Newtonian fluid of Bingham-Shvedov group. Therefore, beside the effective viscosity, the effective dynamic shear stress is also measured and approximated. The rheological properties of crude oil and emulsion of crude oil and water are also measured and approximated for the case when the mixture contains 0.1% chemical reagent ES-3363.
Introduction
The mixture of crude oil and water used to be met in oil exploitation practice. Using the water for displacing the oil from pores, this kind of mixture can be met in production wells, in transportation pipelines, in different equipment, processing plants and etc. [1 , 2] . In order to analyse, prognose and simulate the flow behavior it · is very important to have knowledge on the rheological properties of crude oil and its emulsion with water in wide range of pressure and temperature.
2. Measurement of rheological properties of crude oil and emulsion of crude oil and water
.1. Measurement procedure
To investigate the. rheological properties of oil and emulsion of oil and water the following main equipment is used: Rotor Visco RV-20, acquisition RC-20, software ROT . 3.0. This equipment allows to investigate the rheological properties of medium in wide range of pressure and temperature: pressure between ,...., 0 and 10 MPa and temperature between 20 and 300°C. In order to investigate the rheological characteristics of saturated oil and its emulsion with water a special pump is necessary for keeping the invariant p ressure in measurement chamber during measuring. The sensor of cylinder-in-cylinder type is used. The investigation is carried out by method of flow curves based on continuous deformation of samples. The oil used in measurement is the crude oil from White Tiger oil-field (Vietnam). The water is the sea-water. The rheological parameters are determined using the same emulsion sample with constant shear speed and temperature change in the range from 22 t o 65°C. The low limit of temperature is determined by the low limit of water temperature at the sea bottom, where the pipeline lies. The maximum of temperature equals to the preparation temperature of emulsion in the laboratory. In the experiment the maximum of shear speed is 20 s- 1 . This value is defined by maximum fluid velocity in the pipe. Investigating the rheological properties of crude oil and crude oil-water mixture in the area of high temperature (T ~ 40°C), in which the crude oil behaves as Newtonian fluid, the temperature reduction speed is 0.35°C/min and in the area of low temperature (40 2: T 2: 22°C), in which the crude oil behaves as non-Newtonian fluid, the temperat ure reduction speed is 0.15°C/min. In order to obtain the flow curve for defined shear velocity and to measure the effective dynamic shear stress at defined temperature, the shear speed is reduced gradually from maximum value to zero during 5 minutes.
The emulsion of crude oil and sea-water is prepared by the way, according to which the crude oil and water is stirred in the mixer and hea ted until 65°C. The speed of the mixer is regulated in the range between 50 and 5000 circles per minute. In order to obtain the emulsion with defined drop sizes, the water is poured into oil gradually and stirred for long enough time period. In Fig. 1 the structure of emulsion of oil and water is presented for the case of 55% water concentration.
2.2. Rheological properties of crude oil, emulsion of crude oil and water (without chemical treatment)
In. Tab.1 measurement results of effective (viscoplastic) viscosity and dynamic shear stress are presented for oil-water mixture with water concentration from 0 to 82%~ Note that, the rheological properties of mixture with defined water concentration f~r differenttemperature are measured using the same sample. Beside it, in general, the measurement precision is ± 5.
The results (see Tab. 1) show that increasing water concentration in the mixture leads to increasing the effective viscosity and dynamic shear stress and the mixture rheological properties become worse. The effective viscosity of mixture strongly increa..<;es in the region of water concentration Pw ~ 20%. The effective viscosity and dynamic shear stress have maximum at water concentration Pw ,_ 68 + 70%. With the temperature decreasing, the effective viscosi-ty of mixture significantly increases, especially in the region of low temperature (40 ~ T ~ 22°C) . In this region the crude oil behaves as non-Newtonian fluid.
For the pure crude oil from White Tiger oil-field the non-Newtonian behavior is clearly exhibited for temperature lower than 35°C. For the emulsion this behavior . is exhibited for. the some grads higher temperature.
Tab. 1 The comparison of Tab. 2 with Tab. I shows the influence of chemical treatment on the behavior of emulsion and its rheological properties. It is clear that, the chemical treatment significantly improves dynamical characteristics of oil and its mixture with water, especially in the region of low temperature. In this region in comparison with the case without chemical treatment the effective viscosity and dynamic shear stress are quantitatively much smaller. Generally they are reduced in~~:---2 tim~s and even more. Beside it, in this case the non-Newtonian behavior -0f einulsion appears only at temperature ""'35°C and lower.
2.:4. Rheological properties of emulsion of crude oil and water saturated with gas at high pressure conditions
To model the motion of oil along the working production well the dynamic characteristics of crude oil and emulsion of crude oil and water at -high pressure and,high temperature conditions are necessary. In these conditions it should take into account also saturation of oil with gas (light fractions oLhydrocarbons). To investigate the rheological properties of emulsion in this case the viscosimer ter RV-20 with cylinder sensor D-300 is used. The sample is prepared by mixture of heated oil with sea-water. After that the emulsion is poured into closed PVT box for saturation with gas at different pressures. The saturation of emulsion with · gas is implemented at temperature T ::; 50°C and pressures 2 and 4 MPa. After saturating, the sample of emulsion is kept in the high pressure box 500-15P with v~lume 500 mi. In this box the sample can be kept until pressure 5000 Psi ( . . . . . . -34.4 MPa) and temperature 180°C.
Before measuring the sensor D-300 is heated until 50°C, i.e. equals the sample temperature. After that the sample is pumped by pump Mercury from high pressure box 500-15P into sensor D-300. The volume of sensor is 70 ml. During the transportation of sample into sensor D-300 the internal pressure of high presstire box 500-15P is kept above saturation pressure of emulsion. The measurement procedure in this case is similar to the measurement procedure in the above case of atmospheric condition. In Tab It should be noted that, the formula (3.1) is proposed for normal (Newtonian) fluid (crude oil). For non-Newtonian fluid (crude oil) the viscosity is interpolatf1d using measurement dat a and splain function method.
where J..Lob is a viscosity of fluid at Pb, m is a coefficient depended on p.
Effective viscosity of emulsion of oil and water
There is a number of formulae for determination of the effective is recomended for IPw ~ 0.4.
Exponential correlation:
( kiiPd )
. J.l.e = J.l.c exp k .
There is a number of authors using the formula (3 .14) where k1 = 1.4556, k 2 = 0.4526 (for wl o emulsion) and 0.002 (for oj w emulsion);
Note that, for all correlations (3.3)-(3.10) the influence of pressure and temperature change on J.le is not analysed · in details and proposed it is taken into account through J.lc· Beside the· influence through J.lc, (3 .11) and (3.14) propose to take into account the influence of pressure separately . through the factor pn. The influence of dispersed drop size is proposed to take into account in (3.5) and (3.11) .
To approach the rheological properties of crude oil of White Tiger oil-field and its emulsion with sea-water the expanded polynomial formu lae are used. .16) i.e. the form of (3.6),· but· the coefficients a 1 , a 2 are functions of temperature.
For the emulsion of crude oil of White Tiger oil-field with sea-water the coefficients have the following values : _ a1 = 11.28; a2 = -13.74 for 25 < T ~ 27° C a1 = 18.66; a2 = -8.91 for 27 < T ~ 32.5°0 a1 = 24.82; a 2 = 145.31 for 32.5 < T < 37.5°0 a1 = -18.9; a2 = 160.68 for 37.5 < T < 45°C is used.
-For water concentration cpw: 68 < cpw < 85% the interpolation using 3 points cpw = 68; 73 and 82% is used. At p = 1 atm, in order to approximate the effective dynamic shear stress of emulsion the full quadratic form with respect to temperature T and water concentration 'Pw is -used: For pure crude. oil ( <Pw = 0) the formula (3. 1 9) is simplified and has the following form:
2SO , ----------------------------------------------------,
(3.20)
In [18] for the case IP w = 0 the time dependent behaviour of To is investigated. In Fig. 9-11 the comparison of calculation results with measurement data is presented for different temperature, water concentration (Fig. 9, 10 ) and for t he case with chemical treatment (Fig.ll) . From the figures it can be seen that the analytical approximation fits good mearusement data and difference between them mainly has t h e order smaller than 5, i.e. smaller the order of measurem ent preCISIOn. 
Conclusion
In the paper the rheological properties of crude oil of White Tiger oil-field {Vietnam) and its emulsion with sea-water, including measurement and analytr ical approximation formulae for wide range of pressure, temperature and water concentration, are presented. Beside the effective viscosity of emulsion, the effective dynamic shear stress of emulsion for crude oil -non-Newtonian fluid of Shvedov-Bingham group-with water is measured and approximated. The similar rheological properties of emulsion are also mea.Sured and approximated for the case with chemical treatment using reagent ES-,3363. The obtained measurement results and the analytical approximation can be used for analysing different situations occured in the practice and also in different numerical code for oil-water mixture flow modelling.
